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This study investigates the potential of commercial carbon black, sourced from a local waste tyre recycling plant, as an 
adsorbent in both batch and continuous column adsorption processes for the removal of Congo red (CR). The carbon black 
has been characterized using Fourier transform infrared spectroscopy and scanning electron microscopy to assess its surface 
properties. Additionally, the study aims to analyze the physicochemical interactions between carbon black and CR. Key 
experimental variables, including adsorbent dosage, pH, and contact time, are optimized through batch adsorption 
experiments to determine their impact on the removal efficiency of CR dye. Batch adsorption experiments confirmed that 
carbon black (adsorbent) attains maximum adsorption capacities of 76.92 mg/g for CR dye. Among the tested kinetic 
models, the pseudo-second-order model (R2 = 0.998) best described CR adsorption onto carbon black, outperforming the 
pseudo-first-order model (R2 = 0.986). A continuous adsorption study has been done to determine the effect of the flow rate 
of water, adsorbent bed diameter and bed height on the breakthrough time. About 90% removal of CR occurs when the bed 
height is larger than 5 cm and the bed diameter is larger than 2.7 cm.   
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Introduction 
As of 2025, the rapid industrialization and 

urbanization in India and the world have significantly 
exacerbated the water crisis, making it a critical issue 
for both sustainable development and public health1–3. 
Among the various industries contributing to water 
pollution, the textile industry stands out as one of the 
largest polluters, primarily due to its substantial 
consumption of water and the generation of large 
volumes of highly contaminated, coloured 
wastewater4–6. The dyeing and finishing processes in 
textile production, which involve the use of synthetic 
colourants, chemicals, and heavy metals, result in the 
discharge of effluents that are not only rich in 
hazardous substances but also persistently stained 
with synthetic dyes, causing severe contamination of 
water bodies7–9. The effluent's high organic load, 
combined with the toxic and non-biodegradable 
nature of many textile dyes, exacerbates the 
environmental impact, further straining the already 
dwindling water resources, specifically in India10. 
Effective management and treatment of these 
effluents have thus become crucial for mitigating the 
detrimental effects on aquatic ecosystems and 
ensuring the sustainability of water resources11,12.  

Azo dyes (AD), including Congo Red (CR), 
represent a significant category of synthetic 
colourants widely utilized in textile production, 
chiefly because of their extensive colour range, fade 
resilience and minimal energy requirements13. The 
azo bond, distinguished by its π-conjugation and 
resonance, confers remarkable stability to these dyes, 
rendering them resistant to photo degradation and 
adverse conditions14. This intrinsic stability is 
advantageous across multiple sectors, including 
textiles, paper, cosmetics, and pharmaceuticals. The 
extensive application of AD produces considerable 
wastewater laden with dye contaminants, notably CR, 
which is recognized for its carcinogenic properties 
attributed to its aromatic amine configuration7,13. The 
inclusion of benzene and naphthalene rings in the CR 
molecule enhances its environmental persistence, 
making it resistant to standard biodegradation 
techniques15. Moreover, CR demonstrates exceptional 
optical, thermal, and physicochemical stability, hence 
enhancing its environmental durability16. The release 
of wastewater containing CR into natural water bodies 
results in significant ecological repercussions, 
including the disturbance of aquatic ecosystems 
through elevated organic load, diminished light 
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penetration, and impaired photosynthesis. The 
poisonous, mutagenic, and carcinogenic properties of 
these dyes pose additional threats to aquatic 
organisms and human health, rendering the cleanup of 
CR contaminated water crucial for alleviating 
environmental and public health issues17. 

Diverse methodologies have been established for the 
elimination of dyes from wastewater, encompassing 
adsorption, membrane separation, flocculation and 
precipitation, and biodegradation7,13,18. Among them, 
adsorption has emerged as one of the most inexpensive, 
efficient, and uncomplicated ways of dye removal due 
to its simplicity, cost-effectiveness, and high removal 
efficacy 19,20. Comprehensive studies have concentrated 
on improving adsorption efficiency by investigating 
low-cost, sustainable adsorbents sourced from 
accessible materials such as agricultural waste, fruit 
remnants, biomass, and industrial by-products. These 
alternative adsorbents provide a cost-effective option to 
traditional adsorbents while facilitating waste reduction 
and resource recovery, hence enhancing the 
sustainability of wastewater treatment systems. 

Carbon black is a fine, black powder 
predominantly made of elemental carbon, generated 
during the incomplete combustion or pyrolysis of 
hydrocarbons, usually in an oxygen-limited 
environment21–23. Researchers have thoroughly 
investigated carbon black as an efficient adsorbent for 
the elimination of diverse pollutants from wastewater, 
encompassing organic substances such as phenol and 
inorganic contaminants like chlorine24, mercury15, 
chromium25, etc. Carbon black, characterized by its 
extensive surface area, porous architecture, and many 
functional groups, offers a substantial quantity of 
active adsorption sites for the absorption of these 
pollutants26.   

Carbon black obtained from waste tires is 
generated via pyrolysis, a process in which end-of-life 
tires undergo thermal decomposition in an oxygen-
free environment, resulting in a useful by product 
termed recovered carbon black27. This substance 
mitigates the environmental impact of non-
biodegradable tyre trash and offers a sustainable 
substitute for virgin carbon black, conventionally 
derived from fossil fuels. Tyre-derived carbon black 
provides multiple advantages, such as less carbon 
emissions, economic efficiency, and the facilitation of 
a circular economy28. Its most intriguing attribute is 
its potential as an exceptional adsorbent, adept at 
eliminating contaminants from air, water, and 

industrial effluents owing to its extensive surface area 
and porous configuration29. At the local level, the 
establishment of recycling facilities for the recovery 
of carbon black from tires can stimulate green 
industry growth and reduce landfill use and open 
burning, serving as an effective mechanism for 
sustainable urban waste management. 

To the best of the author's knowledge, while carbon 
black derived from local waste tyre recycling plants 
has been widely explored for wastewater treatment 
applications, there is a notable gap in the literature 
regarding its use for the removal of CR dye from 
aqueous solutions. Specifically, no studies have been 
found that investigate the adsorption of CR dye using 
carbon black through both batch and column studies. 
This research fills that gap by providing a 
comprehensive analysis of CR dye removal using 
carbon black in these two distinct experimental 
setups. This study investigates the removal of CR 
from aqueous solutions via adsorption onto carbon 
black. The carbon black adsorbent is meticulously 
examined by scanning electron microscopy (SEM) to 
analyze its surface shape and Fourier-transform 
infrared spectroscopy (FTIR) to ascertain functional 
groups. The impact of several parameters, such as pH, 
contact duration, and adsorbent dosage, on the 
adsorption capacity and removal efficiency of CR is 
systematically assessed via batch and column 
adsorption studies. This study presents an innovative 
method for utilising carbon black (from local waste 
tyre recycling plants) in dye elimination and offers 
significant data in the domain of wastewater 
treatment. 

Experimental Section 

Materials & reagents 
Carbon black was procured from a local waste tyre 

recycling plant in Bilaspur, Chhattisgarh, India. CR 
was obtained from Bombay Glass and Chemical 
Works, Bilaspur, Chhattisgarh, India. A stock solution 
of 100 ppm was prepared and diluted to make 10, 20, 
30, 40, and 50 ppm solutions for the determination of 
the calibration curve using a UV-VIS 
spectrophotometer (Shimadzu, Mumbai, India) at a 
wavelength of 497 nm.  

For batch adsorption, 50 mL of water sample was 
added with a fixed amount of carbon black 
(adsorbent). The solution is then shaken for a 
predefined time in a shaker (Remi Mini, India) at a 
speed of 100 rpm. The solution passed through filter 
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paper (Whatman grade-1) to separate the adsorbent, 
and the residual concentration of CR was determined 
using a UV-Vis spectrophotometer at a wavelength of 
497 nm. The effect of parameters pH (2, 4, 6, 8, 10), 
time (30, 60, 120, 150 and 180 min), and adsorbent 
dosage (0.2, 0.4, 0.6, 0.8 and 1 g/50 mL) is 
determined by varying one parameter while keeping 
other parameters constant. The pH of the solution was 
maintained by standard hydrochloric acid (0.1 M) and 
sodium hydroxide (0.1 M) solutions. To evaluate the 
performance of batch adsorption, the % removal of 
CR and adsorbent uptake (qe) capacity are determined 
using Eq. (1) and Eq. (2), respectively19,30,31. 

% 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 ൌ  
ሺ஼೚ି஼೐ሻ

஼೚
ൈ 100    ... (1) 

𝑞௘ ൌ  
ሺ஼೚ି஼೐ሻ௏

௠
   ... (2) 

Where Co and Ce are the CR concentrations in the 
water at initial and equilibrium, respectively. V is the 
volume of the sample, and m is the mass of the 
adsorbent. For the continuous adsorption study, CR 
dye water (150 ppm) was prepared and allowed to 
flow through an adsorbent-filled column at a fixed 
flow rate. Columns of different diameters (1 cm, 
2 cm, and 3 cm) and bed heights (2 cm, 4 cm, and 
6 cm) were used to determine the effect on adsorption 
performance. The experimental run was determined 
using the Taguchi optimization method. 

Characterisation  
The surface morphology of the carbon black 

adsorbent was analyzed using a ZEISS EVO Series 
Scanning Electron Microscope Model. Before 
imaging, a gold (Au) sputter coating with a thickness 
of 0.5 to 1 nm was applied to the membrane samples 
using a Rotary Pumped Coater to improve surface 
impedance and assure excellent image quality during 
SEM analysis. The carbon black adsorbent was 
analyzed using FTIR spectroscopy (Bruker, Alpha 
Model) to investigate the chemical functional groups. 
The FTIR spectrum was recorded over the 
wavenumber range of 4000 to 500 cm⁻¹, which is 
typical for identifying a wide range of functional 
groups and structural features in organic and 
polymeric materials.  

Results and Discussion 

Characterization of carbon black adsorbent 
The surface morphological characteristics of the 

adsorbent (carbon black) were evaluated through 

SEM analysis and shown in Fig. 1. The SEM images 
reveal that the carbon black forms fine, homogeneous 
agglomerates with a quasi-spherical shape26,32. 
Additionally, the surface features a smooth texture, 
characterized by a finer grain structure, which 
contributes to the overall homogeneity and potential 
adsorption capacity of the material. Chen et al.33 and 
Dong et al.34 also observed a similar trend in the SEM 
images of the carbon black adsorbent. 

The surface functional groups present on carbon 
black were characterized using the FTIR spectroscopy 
as shown in Fig. 2. A prominent peak observed at 
3819 cm-1 is likely to be associated with surface 
hydroxyl (OH) groups. The bands between 1300 and 
1500 cm-1 are ascribed to the stretching vibrations of 
–CH2 and –CH3 groups. Additionally, the peak at
939 cm-1 indicates C–O stretching vibrations and
bending modes of the O–H bond, typical of ether,
lactone, and phenolic structures26,32,35. Finally, the

Fig. 1 — SEM micrograph of carbon black 

Fig. 2 — FTIR spectrum of carbon black 
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existence of C–C and C–H bonds is further confirmed 
by an additional peak at 613 cm-1. These spectral 
features suggest a variety of oxygenated functional 
groups and hydrocarbons on the surface of carbon 
black36,37. 

Effect of different parameters on adsorption of CR dye 

Effect of dose 
The effect of the adsorbent dose on CR dye 

removal was investigated by varying the dose from 
0.2 to 1 (g/50mL), while maintaining constant 
conditions of pH 2, contact time of 60 min, agitation 
speed of 100 rpm, and an initial dye concentration of 
60 (mg/L). As shown in Fig. 3, the percentage of dye 
removal increases significantly with the adsorbent 
dose up to 0.6 (g/50mL), after which the increase in 
removal efficiency becomes minimal, even at higher 
doses up to 1 (g/50mL). This behaviour can be 
ascribed to the enhanced accessibility of adsorption 
sites, surface functional groups and an increase in the 
total surface area of the adsorbent, which promotes 
more efficient adsorption of CR ions38. At lower 
adsorbent dosages, the high concentration of CR ions 
around the adsorbent particles creates a steeper 
concentration gradient, facilitating enhanced dye 
adsorption39. However, beyond a certain point, the 
increase in adsorbent dose results in a lower increase 
in removal efficiency due to the point of adsorption 
site saturation and the limited capacity of the 
adsorbent. Therefore, by considering the optimum CR 
dye removal, further adsorption studies were 
performed at the carbon black dosage of 0.6 (mg/L). 

Effect of pH 
The effect of pH on the removal of CR dye was 

evaluated by varying the pH from 2 to 10 while 
keeping the other experimental parameters constant: 
contact time of 60 min, adsorbent dose of 
0.6 (g/50mL), initial dye concentration of 60 (mg/L), 
and shaking speed of 100 rpm (Fig. 4). It was detected 
that the percentage removal of CR dye declined with 
an increase in pH. This behaviour can be attributed to 
two primary factors: (1) the electrostatic interaction 
between the protonated functional groups on the 
adsorbent surface and the anionic dye molecules, and 
(2) the chemical interactions between the dye and the
adsorbent. At pH 2.0, the adsorbent surface is
predominantly protonated, resulting in a surface with
a positive charge that strongly attracts the negative-
charged CR ions via electrostatic interactions,

resulting in significant adsorption efficiency40. 
However, as the pH increases, the adsorbent's surface 
becomes more negatively charged due to the 
deprotonation of surface groups, which, in turn, 
reduces the electrostatic attraction between the 
adsorbent and the anionic dye41. At higher pH values, 
the increasing quantity of negatively charged spots on 
the adsorbent surface leads to electrostatic repulsion 
between the adsorbent and the negatively charged CR 
ions, thereby hindering the adsorption process and 
resulting in a reduced dye removal efficiency. At 
lower pH, the increased concentration of H+ ions 
intensifies competition with CR ions for available 
adsorption sites on the carbon black adsorbent 
surface42. Additionally, the protonation of functional 
groups on the carbon black surface may lead to 
electrostatic repulsion of CR ions, hindering their 
adsorption onto the carbon black surface. 

Fig. 3 — Effect of adsorbent dose on the removal of CR 

Fig. 4 — Effect of pH on removal of CR (time-60 min, 
dose-0.6 g/50 mL, speed-100 rpm, initial concentration-60 mg/L) 
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Additionally, at higher pH, the chemical interaction 
between the dye and the adsorbent may also be less 
favourable, further contributing to the decrease in 
adsorption43. 

Effect of time 
The adsorption time was varied from 30 min to 

180 min, with the parameters held constant at pH 2, 
agitation speed of 100 rpm, and an adsorbent dose 
of 0.6 g per 50 mL. Fig. 5 illustrates the impact of 
contact time on the percentage removal of CR dye. 
Initially, the removal rate is rapid, which can be 
attributed to the abundant availability of active sites 
on the surface of the adsorbent. During the early 
stages of adsorption, a significant number of 
adsorption sites are unoccupied, allowing for faster 
uptake of the dye. However, after the initial phase, 
between 30 and 90 min, the adsorption rate slows 
down. This deceleration is caused by increasing 
competition between the adsorbate molecules (CR) 
and the progressively occupied active sites on the 
adsorbent surface10. As the number of available 
sites decreases, the efficiency of adsorption 
diminishes, leading to a gradual reduction in the 
rate of removal. 

Isotherm study 

Langmuir model 
This model describes the monolayer adsorption 

process. The linear form of the equation for this 
model is given by Eq. (3). 

஼೐
௤೐
ൌ  

ଵ

ொబ ௕
൅  

஼೐
ொబ

     … (3) 

𝑅௅ ൌ
ଵ

ଵା௕஼೚
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where Ce represents the concentration of metal ions 
at equilibrium (mg/L), and qe is the amount of 
adsorbate adsorbed per unit weight of adsorbent 
(mg/g). Qo indicates the maximum adsorption 
capacity (mg/g), and b is a constant that represents the 
bonding energy. 

Freundlich isotherm 
The Freundlich isotherm model is used to describe 

the multilayer adsorption process and the 
heterogeneous characteristics of adsorption sites25. 
The empirical equation for the Freundlich isotherm is 
given by Eq. (5). 

logqୣ  ൌ  log K୤ ൅  1 n୤ൗ logCୣ    ... (5) 

In the Freundlich model, 𝐾𝑓 and 𝑛 represent the 
adsorption capacity and intensity, respectively. The 
values of 𝐾𝑓 and 𝑛 offer important insights into the 
heterogeneity and adsorption behaviour of the system. 
By plotting log(qe) versus log(Ce), a linear 
relationship can be established, which allows for the 
determination of the model parameters 𝐾𝑓 and 1/n19,30. 
The regression coefficients and parameters for both 
the Langmuir and Freundlich isotherms are presented 
in Table 1. The results in Table 1 clearly indicate that 
the adsorption equilibrium data for the tested 
adsorbents fit the Langmuir isotherm model more 
closely than the Freundlich model, as evidenced by 
the higher R² values for the Langmuir model 
compared to the Freundlich model. 

Table 1 — Langmuir and Freundlich, Dubinin-Radushkevich, and Temkin isotherm parameters 
for CR dye adsorption on carbon black at 308 K temperature 

Is
ot

he
rm

 p
ar

am
et

er
s Langmuir Isotherm Freundlich Isotherm 

qm (mg/g) KL (L/mg) R2 1/n KF (mg/(g (mg/L)1/n) R2 
76.92 0.278 0.962 0.6114 3.406 0.999

Dubinin-Radushkevich (D-R) isotherm Temkin Isotherm

E ( kJ/mol) 1/n KF  
mg/(g (mg/L)1/n) 

KT (L/mg) BT (J/mol) R2 

0.508 39.99 0.884 3.190 162.806 0.959

Fig. 5 — Effect of time on removal of CR (dose-0.6 g/50 mL,
speed-100 rpm, initial concentration-60 mg/L, pH-2) 



MESHRAM et al.: CONGO RED REMOVAL VIA ADSORPTION WITH CARBON BLACK 577

Dubinin-Radushkevich (D-R) isotherm 
The Dubinin-Radushkevich (D-R) isotherm model 

distinguishes between chemical and physical 
adsorption processes. It is used to describe the 
Gaussian distribution of energy on the adsorbent 
surface30. The linear form of the D-R isotherm is 
expressed by Eq. (6), where ε represents the Polanyi 
potential, calculated using Eq. (7), R is the ideal gas 
constant, and T is the absolute temperature. The 
constant β is specific to the D-R model and is used to 
determine the mean free energy (E) of adsorption per 
adsorbate molecule, as given by Eq. (8).  

ln(qe) = ln(qm) −βε2 ... (6) 

ε = RT ln (1 + 
ଵ

஼೐
)             ... (7) 

E = 1 / ඥ2β               ... (8) 

Temkin isotherm 
The Temkin isotherm model, on the other hand, 

assumes that the heat of adsorption decreases in a 

linear fashion with increasing surface coverage on the 
adsorbent. The linearized form of the Temkin 
isotherm model is represented as 

qe = (RT/BT) ln KT + (RT/BT) ln Ce            ... (9) 

Where, BT is the Temkin constant, which reflects 
the heat of adsorption, and KT is the equilibrium 
binding constant associated with the maximum 
binding energy.  

Plot of Langmuir, Freundlich, Dubinin-Radushkevich, 
and Temkin isotherms for the adsorption of CR onto carbon 
black are given Fig. 6. The adsorption capacity, as 
indicated by the correlation coefficient (R²), is higher 
for the Freundlich isotherm (0.999) compared to the 
Langmuir isotherm (0.962). The Freundlich isotherm 
is better suited for systems with heterogeneous 
surfaces, where adsorption energy varies across the 
surface. In such cases, the adsorbate molecules 
interact with various sites on the adsorbent, leading to 
a higher overall adsorption capacity. This is because 
the Freundlich model accounts for the varying 

Fig. 6 — Plot of (a) Langmuir, (b) Freundlich, (c) Dubinin-Radushkevich, and (d) Temkin isotherms for the adsorption of CR onto
carbon black 
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affinities of the adsorption sites, making it more 
appropriate for surfaces with irregularities. Unlike the 
Langmuir isotherm, which assumes monolayer 
adsorption on a homogeneous surface, the Freundlich 
isotherm allows for multilayer adsorption. This 
characteristic makes it particularly useful when the 
adsorbate can form multiple layers on the surface, 
resulting in a higher adsorption capacity compared to 
the monolayer model of the Langmuir isotherm. 
Furthermore, the Freundlich isotherm models 
represent non-ideal adsorption behaviour, whereas the 
Langmuir isotherm assumes ideal adsorption 
conditions. If the adsorption process deviates from 
ideal behaviour, such as in the presence of surface 
heterogeneity or varying interactions between 
adsorbate molecules and surface sites, the Freundlich 
isotherm provides a more accurate representation of 
the adsorption process. Consequently, the Freundlich 
model is the preferred option to predict the adsorption 
capacity across a range of concentrations, particularly 
when dealing with complex adsorption systems. 

The D-R isotherm parameter, mean free energy 
(E), helps to classify the adsorption process as either 
physisorption or chemisorption. Specifically, if 
E < 8(kJ/mol), the process is considered 
physisorption, while E > 16 (kJ/mol) indicates 
chemisorption44,45. In the current study, the observed 
value ofE was 0.508 (kJ/mol), which suggests that the 
adsorption process is predominantly physical in 
nature, with only minimal chemisorption occurring. 

The Temkin model describes the indirect 
interactions between the adsorbate and the adsorbent. 
It assumes that the heat of adsorption decreases 
linearly as the surface coverage increases. In this 
study, the values of BT and KT were determined to be 
162.806 (J/mol) and 3.190 (L/mg), respectively. The 
coefficient of determination (R2) was calculated to be 
0.959. Despite this, the Temkin isotherm model 
provided the least fit to the experimental data when 
compared to other models. 

Adsorption kinetic models 
The adsorption mechanism can be analyzed by 

fitting the batch adsorption data to various kinetic 
model equations. The pseudo-first-order and pseudo-

second-order models are applied to evaluate the 
adsorption kinetics. The corresponding parameters for 
these kinetic models are provided in Table 2. 

Pseudo-first-order model 
According to this model, it is assumed that the 

adsorption of metal ions is directly proportional to the 
number of active sites available on the surface and 
can be expressed by Eq. (10) 46. 

𝑙𝑜𝑔ሺ𝑞௘ െ 𝑞௧ሻ ൌ  𝑙𝑜𝑔 𝑞௘ ௖௔௟ െ
௞భ

ଶ.଴ଷ଴
𝑡         ... (10) 

Where k1 represents the first-order rate constant 
(min−1), qe is the adsorbent uptake capacity at the 
equilibrium, and qt is the adsorbent uptake capacity at 
time t.  

Utilizing the plot of ln(qe - qt) against time (t), the 
parameters k1 and qe can be determined. However, the 
correlation coefficients observed for the pseudo-first-
order kinetic model were low, and notable disparities 
were evident between the experimental and 
theoretical parameters of equilibrium adsorption 
capacity (qe). Consequently, it is indicated that the 
pseudo-first-order model inadequately fits the 
experimental statistics. 

Pseudo-second-order model 
In this model, the adsorption rate is assumed to be 

proportional to the square of the difference between 
the amount of adsorbate adsorbed at equilibrium and 
the amount of adsorbate adsorbed at time t47. This 
model's linear form is commonly expressed as given 
in Eq.(11). 

𝑡
𝑞௧
ൌ  

1
𝐾ଶ𝑞௘ଶ

 ൅  
𝑡
𝑞௘

  … ሺ11ሻ 

Where the equilibrium rate constant for pseudo-
second-order adsorption is denoted by K2 (g/mg min).  

By plotting t/qt against time (t), a linear 
relationship is obtained (Fig. 7), and the slope and 
intercept of this line are utilized to compute the values 
of qe and K2.  

The adsorption rate and mechanism of CR dye onto 
carbon black adsorbent were evaluated through non-
linear regression analysis of both the pseudo-first-

Table 2 — Kinetic model parameters 

First-order kinetic model Second-order kinetic model 

qe(mg/g) K1 (1/min) R2 RMSE qe(mg/g) K2 (g/mg/min) R2 RMSE
3.80 0.0534 0.986 0.147 16.15 0.0058 0.998 0.141
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order and pseudo-second-order kinetic models, using 
the experimental data. The non-linear kinetic plots for 
the adsorption of CR ions onto the carbon black 
adsorbent are shown in Fig. 7. The calculated kinetic 
parameters are presented in Table 2. 

Based on the higher R² value obtained, the pseudo-
second-order kinetic model was found to provide a 
better fit for the adsorption process compared to the 
pseudo-first-order model. This suggests that the 
adsorption of CR ions onto the carbon black 
adsorbent predominantly follows a chemisorption 
mechanism, likely involving processes such as surface 
complexation and precipitation48. These processes are 
characteristic of chemical interactions between the 
adsorbate and the adsorbent surface, which involve 
the formation of chemical bonds. Despite the better fit 
of the pseudo-second-order model, the experimental 
equilibrium qe values for CR ions were found to be 
closer to the theoretically calculated qe values of the 
pseudo-first-order model. This indicates that, in 
addition to the chemisorption process, a physisorption 
mechanism49, where adsorption occurs due to weaker 
electrostatic interactions between the adsorbate and 
the adsorbent, may also be present in the system50. 
The combination of both chemisorption and 
physisorption mechanisms highlights the complex 
nature of the adsorption method, suggesting that both 
chemical and physical interactions play significant 
roles in the overall adsorption of CR dye onto carbon 
black adsorbent. 

Column adsorption studies 
The continuous adsorption study was designed and 

analyzed using the Taguchi method, implemented 

through Minitab 18.0 software, to evaluate the 
performance of a column bed in removing CR dye 
from a liquid stream31,51. The primary performance 
metric used was the breakthrough time, which is the 
time required for the CR concentration in the effluent 
to reach 80% of its initial influent concentration. A 
longer breakthrough time signifies a more efficient 
adsorption process, indicating that the column bed can 
retain and remove CR from the liquid phase for an 
extended duration before the adsorbent's capacity is 
exceeded52,53. The study focused on three key 
operating parameters: flow rate (with levels of 
2 mL/min, 4 mL/min, and 6 mL/min), bed diameter 
(1 cm, 2 cm, and 3 cm), and bed height (2 cm, 4 cm, 
and 6 cm). These parameters were varied 
systematically, with experimental runs conducted 
according to the combinations specified in Table 3. 
The analysis aimed to determine how each of these 
factors affects the breakthrough time, allowing for the 
identification of the optimal conditions under which 

Fig. 7 — Kinetic plots for (a) pseudo-first order and (b) pseudo-second order for the adsorption of CR dye onto carbon black adsorbent 

Table 3 — Experimental run according to Taguchi design and 
response (breakthrough time). 

Flow Rate 
(mL/min) 

Bed Height 
(cm) 

Bed Diameter 
(cm) 

Breakthrough 
Time (min) 

2 2 1 64
2 4 2 85
2 6 3 108
4 2 2 48
4 4 3 59
4 6 1 61
6 2 3 36
6 4 1 39
6 6 2 51
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the adsorption process is most effective. Specifically, 
the flow rate influences the contact time between the 
liquid and the adsorbent, while bed diameter and bed 
height impact the available surface area and volume 
for adsorption, respectively. By examining the 
interplay of these parameters, the study provides a 
detailed understanding of how each factor contributes 
to the efficiency of the continuous adsorption 
system54. 

The simultaneous effect of two parameters on the 
breakthrough point is presented in the contour plot, 
as shown in Fig. 8. It can be observed that a low 
flow rate and large bed diameter are favourable for 
the large breakthrough time. This behaviour can be 
attributed to the fact that at higher flow rates, the 
residence time of the CR solution in the column is 
reduced, leading to a faster saturation of the 
adsorption sites. Additionally, the increased 
turbulence at higher flow rates contributes to a less 
efficient interaction between the CR dye molecules 
and the adsorbent surface and reduced intraparticle 
mass transfer, which hampers the adsorption 
process. It can be observed that a flow rate of less 
than 3 (mL/min) and abed diameter greater than 
2 cm give more than 80% removal of CR dye. 
Similarly, a larger bed diameter provides a greater 

cross-sectional area for CR solution flow within the 
column. This increased cross-sectional area allows 
for a higher binding capacity of the adsorbent 
material, which results in a longer breakthrough 
time. The larger diameter reduces the velocity of 
the fluid across the adsorbent, enhancing the 
contact time between the adsorbate and the 
adsorbent, and thus improving the adsorption 
capacity. 

From Fig. 8(b), it can be observed that more than 
90% removal of CR occurs when the bed height is 
larger than 5 cm and the bed diameter is larger than 
2.7 cm.  Large bed height increases the length of 
the adsorption zone, which provides more time for 
solute molecules to diffuse and interact with the 
adsorbent material. This results in a more efficient 
adsorption process, as the adsorbate molecules have 
more opportunities to be captured by the adsorbent. 
Fig. 8(c) suggested that a flow rate of less than 
2.5 cm and a bed height of more than 4.5 cm had 
increased the removal of CR dye because of the 
increased adsorption zone and residence time. 
Table 4 presents the response table for the factors, 
which shows that the flow rate of CR dye through 
the bed is the most significant factor affecting the 
adsorption process. 

Fig. 8 — Simultaneous effect of parameters on breakthrough point: (a) bed diameter and flow rate, (b) bed diameter and flow rate and 
(c) bed height and flow rate
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Conclusion 
In this study, CR removal by adsorption onto 

carbon black was investigated. Characterization using 
SEM and FTIR revealed carbon black’s homogeneous 
quasi-spherical morphology and the presence of 
oxygenated functional groups and hydrocarbons on its 
surface. Results showed that removal efficiency 
increased with time and adsorbent dose, while it 
decreased with increasing pH. The optimal conditions 
for maximum removal were determined to be pH 2, 
60 min of contact time, and a 0.6 g/50mL adsorbent 
dose. The adsorption of CR ions onto carbon black 
adsorbents is best described by the Freundlich 
isotherm, indicating a heterogeneous surface with 
varying adsorption energies. The pseudo-second-order 
kinetic model provided a better fit than the Pseudo-
first-order model, suggesting that the adsorption 
process predominantly follows a chemisorption 
mechanism, likely involving surface complexation 
and precipitation. These findings highlight that both 
physical and chemical interactions govern the 
adsorption process. From the continuous adsorption 
study, it was found that low flow rate, large bed 
height and bed diameter are favourable for the large 
breakthrough time. It was also found that the flow rate 
is the most significant parameter.  
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